Abstract: A simple solvent extraction study of thallium(III) was conducted. Selective and quantitative extraction of thallium(III) by 2-octylaminopyridine (2-OAP) in chloroform occurred from aqueous sodium succinate medium (0.0075 M) at pH 3.0. Thallium(III) was back extracted with acetate buffer (pH 4.63). The effect of the concentration of succinate and 2-OAP, the role of various diluents, stripping agents, loading capacity of 2-OAP, equilibrium time and aqueous:organic volume ratio on the extraction of thallium(III) was studied. The stoichiometry of the extracted species was determined based on the slope analysis method and found to be 1: 2: 1 (metal:acid:extractant). The temperature dependence of the extraction equilibrium constant was also examined to estimate the apparent thermodynamic functions ∆H, ∆G and ∆S for the extraction reaction. The method is free from interference of a large number of cations and anions. The method was used for the selective extraction of thallium(III) from its binary mixture with Zn(II), Cd(II), Hg(II), Bi(III), Pb(II), Se(IV), Te(IV), Sb(III), Ga(III), In(III), Al(III), Tl(I) and Fe(III). The proposed method was applied to the synthetic mixtures and alloys. It is simple, selective, rapid and eco-friendly.
INTRODUCTION
Thallium is a trace element that occurs mostly in sulphur containing ores. 1 It is a by-product metal recovered in some countries from flue dusts and residues collected in the smelting of copper, zinc and lead ores. Thallium(III) is usually present in lead(II), cadmium(II), indium(III) or zinc(II) compounds as a trace constituent. 2 Consumption of thallium metal and thallium compounds continues for most of its established end uses, such as an additive in glass to increase its refractive index and density, a catalyst or intermediate in the synthesis of organic compounds and a component in high-density liquids for sink-float separation of minerals. 3 Thallium is a highly toxic element and Tl(I) is known to replace potassium ions in the activation of enzymes. 4 The contamination of the environment with thallium mainly results from non-ferrous mines, coal combustion and cement plants. 5 Hence, bearing all this in mind, the separation of thallium from other metal ions has been a subject of great analytical interest.
There are a few research papers on the extraction and separation of thallium(III) from associated elements. The extraction of thallium(III) and thallium(I) by solutions of carboxylic acids, such as naphthenic acid (NA), sec-octylphenoxy acid (CA-12) and sec-nonylphenoxy acetic acid (CA-100) dissolved in kerosene and acidic aqueous chloride media has been reported by X. Zhang et. al. 6 Various organophosphorus compounds, such as Cyanex 921, 7 Cyanex 923, 8 Cyanex 925, 9 tributyl phosphate (TBP) 10 have been found to be useful for the extraction of thallium(III). Studies on the thermodynamics of solvent extraction of thallium(I) with diethylhexylmonothiophosphoric acid (D2EHMTPA) 11 and di(2-ethylhexyl)dithiophosphoric acid 12 were conducted at an ionic strength of 0.1 mol g -1 in the aqueous phase containing sodium sulphate as a supporting electrolyte and at a constant initial molality of the extractant in the organic phase at temperatures from 278.15 to 303.15 K. The standard extraction constants K 0 at various temperatures were obtained by the extrapolation and the polynomial approximation methods.
Trace amounts of thallium(III) were quantitatively extracted with hexa-acetyl calix(6)arene at pH 2.0 with toluene as the diluent. However, uranium, antimony, tin and lead showed strong interference. 13 Meso-tetraspirocyclohexylcalix(4)pyrrole (TSCC4P) in 20.6 % (v/v) tetrahydrofuran was found to be an effective complexing ligand for homogeneous liquid-liquid extraction and preconcentration of thallium(I) ions at pH 5.4. The reproducibility of method was at the most 3.4 %. 14 Thallium(III) was separated by solvent extraction into methyl isobutyl ketone (MIBK) in hydrobromic acid medium from a sample digest of geological material. 15 The extraction equilibria for the determination of ultra trace amounts of thallium(III) in a water sample by ion-pairs of the methyl-2-naphthoate (2HNpH) complex and tetrabutylammonium ion in MIBK extraction was studied by Kim and co-workers. 16 However, the percentage extraction of thallium(III) as an ion pair was 73.5 % at pH 6.0. A method was proposed for extraction of trivalent thallium from salicylate media using triphenyl arsine oxide (TPASO) dissolved in toluene as the extractant. 17 The separation of thallium(I) and thallium(III) was achieved by the difference between the distribution coefficients of thio-oxime and PAN-thallium complexes. Heavy metals such as Mn(II), Fe(III), Ni(II), Cu(II), Zn(II) needed to be masked by EDTA. 18 The kinetics of the hydrolysis of tris(thenoyltrifluoroacetonate)thallium(III) in water was studied. 19 A method for the extraction of thallium(III) with isopentyl acetate from 10 M hydrochloric acid media was proposed, whereby co-extracted iron could be removed by its re-extraction from the organic phase with 4 M H 2 SO 4 . 20 Trivalent thallium can be extracted from aqueous solutions at 65 °C with 2,6-bis-(1′-phenyl-3′-methyl-5′-oxopyrazole-4′)pyridineacyl (H 2 PMBPP or H 2 A) using molten paraffin wax as a diluent. 21 The influence of module arrangements on the solvent extraction of thallium(III) from sodium chloride-sulphuric acid solution into butyl acetate was studied using laboratory-made modules consisting of hydrophobic poly(vinylidine fluoride) (PVDF) and polypropylene (PP) hollow fibres. 22−25 The distribution coefficient of thallium(III) between butyl acetate and the aqueous phase was about 1000 when the extraction was carried out from 5.0 mol dm −3 sulphuric acid solution containing sodium chloride, providing the molar ratio between thallium(III) and Cl − was not less than 1:4. From this solution, thallium(III) is extracted in the form of the HTlCl 4 complex. 24 The extraction was found to be dispersion free. 24, 25 Gas-stirred propylene carbonate (PC) extraction has proved to be highly useful for the separation and subsequent direct polarographic estimation of thallium(III). It can be seen that selective separation of thallium(III) from other metal ions was achieved by the extraction into PC from 0.03 M hydrochloric acid. However, Fe(III) was found to be partially co-extracted with thallium(III). 26 Chung et al. reported a selective extraction method for thallium(III) in the presence of gallium, indium, bismuth and antimony into 2-propanol by the salting out method using sodium chloride to induce phase separation. 27 The distribution behaviour of the ion association complexes of tetrahalogenatothallate(III) ions (
TlX (X − = chloride, bromide and iodide ions)) with quaternary ammonium cations (Q + ) between three organic phases (chloroform, chlorobenzene and benzene) and an aqueous phase was examined, and the extraction constants (log K ex ) were determined. 28 Electrothermal atomic absorption spectrometry (ETAAS) has been used for the determination of thallium(III) in aqueous solution in conjunction with an enrichment technique such as solid-phase extraction. 29 Thallium(III) was quantitatively retained by 1,10-phenanthroline and tetraphenylborate onto benzophenone in the pH range 0-11.0 from a large volumes of aqueous solutions of various samples. 30 A selective method has been developed for extraction studies of thallium(III) with a high molecular weight carboxylic acid, SRS-100 (a liquid cation exchanger). Quantitative extraction of thallium(III) was achieved in the pH range 5.0-6.0 from acetic acid and sodium acetate solution. 31 Solvent extractions of thallium(III) with high molecular weight amines have been investigated. A simple solvent extraction study for thallium was conducted based on the extraction of thallium as a chlorocomplex (tetrachlorothallate(III) anion) with tribenzylamine. The recovery of thallium was found to be 95 %. 32 Recently, a primary amine, n-octylaniline dissolved in toluene was reported to be an effective extractant for thallium(III) using salicylate media. 33 Herein, a rapid and selective extraction procedure for thallium(III) with 2-octylaminopyridine is reported. The method permits the separation of thallium(III) from commonly associated elements and was employed to separate thallium(III) in synthetic mixtures and alloy samples.
EXPERIMENTAL

Apparatus
An Elico digital spectrophotometer, model SL-171, with 1 cm quartz cells was used for the absorbance measurements. pH Measurements were carried out using an Elico digital pH meter, model LI-120. A constant temperature water bath MIC-66 A (±0.1 °C) (Modern Scientific Instrument Company, Mumbai) was used for the temperature controlled studies.
Reagents
A standard stock solution of thallium(I) was prepared by dissolving 1.303 g of thallium(I) nitrate (Across) in 25 ml 1.0 M nitric acid and diluting to 1000 ml with distilled water. It was then standardized complexometrically 34 after oxidation to the thallium(III) state with saturated bromine water. The solution contained 1.0 mg ml -1 of thallium(I).
A standard solution of thorium nitrate (0.01 M) was prepared by dissolving 5.881 g thorium nitrate (AR) and diluting to 1.0 l with distilled water. This solution was standardized against standard zinc(II) solution. 35 A standard solution of EDTA (disodium salt) (0.01 M) was prepared by dissolving 3.722 g of the disodium salt of EDTA in 1.0 l of distilled water.
An acetate buffer solution (pH 4.63) was prepared by mixing equal volumes of 0.2 M sodium acetate trihydrate and 0.2 M of glacial acetic acid. 35 A 0.025 M solution of 2-octylaminopyridine (2-OAP) was prepared by dissolving in chloroform. 36 Other standard solutions of the different metals used to study the effect of diverse ions were prepared by dissolving weighed quantities of their salts in distilled water or dilute hydrochloric acid. Solutions of anions were prepared by dissolving the respective alkali metal salts in water. All the employed chemicals were of A. R. grade and double distilled water was used through out.
General extraction and determination procedure for thallium(III)
To an aliquot of solution containing 1.0 mg of thallium(I), few drops of bromine water were added to oxidize the thallium(I) to thallium(III). The solution was then evaporated carefully to remove the excess bromine water. To this, a sufficient quantity of sodium succinate was added to give a final concentration 0.0075 M in a total volume of 25 ml of solution. The pH of the solution was adjusted to 3.0 using dilute hydrochloric acid and sodium hydroxide solutions. The aqueous solution was shaken with 10 ml of 0.025 M 2-OAP in chloroform for 2 min. After phase separation, the organic phase was stripped with three 15 ml portions of acetate buffer. The extracts were evaporated to moist dryness and the residue was dissolved in distilled water. To this, an excess of EDTA solution (10 ml 0.001 M EDTA) was added and the pH of the solution was adjusted to 3.5. The solution was titrated with a standard solution of 0.001 M thorium nitrate using xylenol orange as the indicator. The end point was yellow to red to red violet. 34 
RESULTS AND DISCUSSION
Extraction as a function of pH
The effect of pH on the percent thallium(III) extracted with 2-OAP in chloroform was studied in the pH range 1.0-10.0 in the presence of sodium succinate (0.0075 M). It was observed that the extraction of thallium(III) was quantitative in the pH range 2.0 to 6.0 (Fig. 1 ). In the proposed method, all the extractions were performed at a fixed pH of 3.0. At pH values, above 6.0, there exists the possibility of hydrolysis, which results in a lowering of the distribution ratio. This indirectly promotes an equilibrium competing with the formation of the ion pair complex, resulting in a decrease in extraction with increasing pH. 
Extraction of thallium(III) as a function of the 2-OAP concentration
The effect of varying the 2-OAP concentration (0.0005-0.5 M) on the distribution of thallium(III) (1.0 mg) was investigated at pH 3.0 in an aqueous solution of ionic strength 0.0075 M sodium succinate. The optimum concentration of 2-OAP required for the quantitative extraction of thallium(III) was found to be 0.005 M. In the recommended procedure 10 ml of 0.025 M 2-OAP was used in order to ensure the complete extraction of thallium(III). However, at higher reagent concentration (> 0.1 M), there was decrease in the extraction of thallium(III). This was probably due to an increase in the concentration of the dimer with increasing concentration of 2-OAP and hence the distribution coefficient decreased due to reduced concentration of monomer. 37 
Extraction as a function of weak organic acid concentration
The extraction of thallium(III) was performed at pH 3.0 with 0.025 M 2-OAP in chloroform in the presence of varying concentrations (0-0.2 M) of sodium succinate, sodium salicylate, sodium malonate and sodium oxalate, as weak acid media ( Table I ). The extraction of the ion pair complex of thallium(III) was found to be quantitative in the range 0.004 to 0.08 M sodium succinate and at 0.006 M sodium salicylate. With increasing concentration of sodium succinate above this value, the extraction of thallium(III) decreased. The decrease in the extraction at high acid concentration was presumably due to the preferential formation of the succinate of 2-OAP. Therefore, 0.0075 M sodium succinate was used throughout this work. Sodium salicylate was not employed because of its narrow concentration range for extraction and high cost as compared to sodium succinate. The extraction of thallium(III) was found to be incomplete in sodium malonate and sodium oxalate media. 
Extraction with various diluents
Ten systems containing identical amounts (1.0 mg) of thallium(III) were prepared and extracted with 10 ml of 0.025 M 2-OAP in each of various solvents (Table II) . The following percentage extractions were obtained. 1,2-dichloroethane (55.10) < kerosene (59.18) < n-butanol (63.26) < pentanol = pentyl acetate (67.34) < toluene (73.46) < carbon tetrachloride (93.87) < benzene = xylene = = chloroform (100). No correlation between dielectric constant and percent extraction was observed. 2-Butanone did not extract thallium(III) into the organic phase. In the case of chloroform, a quicker phase separation was observed and this was used as the diluent for all subsequent studies. 
Nature of extracted species
The stoichiometry of the extracted species was determined from the experimental studies using the slope analysis method. The plots of log D [Tl(III)] vs. log c at a fixed sodium succinate concentration (0.0075 M) were found to be linear with slopes of 1.25 and 0.93 at pH 7.0 and 10.0, respectively (Fig. 2) . This indicates that the metal:extractant ratio was 1:1. In addition, plots of log D [Tl(III)] vs. log c [succinate] at a fixed 2-OAP concentration (0.025 M) were linear with slope values of 1.92 and 1.73 at pH 7.0 and 10.0, respectively (Fig. 3) . This indicates two ions of succinate participate in the formation of the anionic species. Thus, the probable composition of the extracted species was 1:2:1 (metal:acid:extractant). The possible mechanism of extracted species appears to involve protonated 2-OAP, which forms cationic species, such as 
Effect of equilibrium time
The experiments to investigate the influence of contact time on the extraction of thallium(III) were carried out by shaking an aqueous solution of 1.0 mg thallium(III) containing 0.0075 M succinate with an organic solution of 0.025 M 2-OAP in chloroform at an A/O ratio of 2.5 for various lengths of time at 25±3 °C. The obtained results showed that equilibrium was achieved within 30 s of contact. In the actual work, a two-minute equilibrium time was recommended in order to ensure the complete extraction of thallium(III). However, prolonged shaking above 20 min decreased the percentage extraction of thallium(III).
Extraction behaviour of thallium(III) as a function of metal loading capacity
The amount of thallium(III) was varied to determine the loading capacity of 2-OAP. The loading capacity of 10 ml 0.025 M 2-OAP was found to be 3 mg of thallium(III).
Effect of aqueous to organic volume ratio
Thallium(III) was extracted from 10 to 250 ml of 0.0075 M aqueous sodium succinate medium with 10 ml 0.025 M 2-OAP in chloroform. Thallium(III) was stripped with acetate buffer and estimated as in the recommended procedure. It was found that the extraction of thallium(III) was quantitative when the aqueous to organic volume ratio was 2 to 15, while it decreased when the ratio was in the range 20-25. Hence, the recommended aqueous to organic volume ratio in the procedure is 2.5, in order to minimize the consumption of sodium succinate.
Effect of stripping agents
Stripping of the metal loaded organic phase containing thallium(III) was attempted with hydrochloric acid, nitric acid, sulphuric acid, perchloric acid, acetic acid, ammonia, acetate buffer, ammonia buffer and water as various stripping agents (3×15 ml). The results are shown in Table III . It is clear that of all the examined solutions, only perchloric acid (7-10 M) and acetate buffer (pH 4.63) were effective in stripping thallium(III) from the organic layer. However, acetate buffer (pH 4.63) is recommended because removal of the acetate buffer by evaporation is easier than the removal of perchloric acid and causes less pollution. 
Effect of temperature on the extraction of thallium(III)
The results of the extraction of thallium(III) from a pH 7.0 succinate solution by 0.025 M 2-OAP in chloroform at temperatures varying from 298 to 310 K are given in Table IV . It was found that the distribution ratio increased with increasing temperature in the extraction of thallium(III) by 2-OAP in chloroform.
The change of the extraction equilibrium constant (K ex ) with temperature is expressed by the van't Hoff Equation: The plot of log K ex vs. 1000/T is linear with a slope of -3.74 (Fig. 4) and the enthalpy change of the extraction performed at constant pH 7.0 was evaluated as ∆H = 71.61 kJ mol −1 , which means it is an endothermic process. The free energy ∆G and entropy ∆S were calculated from Eqs. (2) and (3):
The negative values of free energies imply that the reaction is spontaneous. The positive enthalpy value indicates that the extraction of thallium(III) with 2-OAP in chloroform is favoured by increasing temperature. 
Effect of diverse ions
The effect of various foreign ions commonly associated with thallium(III) was studied by the recommended procedure. The tolerance limits for the test ions are given in Table V . When the interference was found to be intensive, the tests were repeated with successively smaller amounts of foreign ion until a concentration giving an error less than ±2 % in the recovery of thallium(III) was attained. It was observed that the method is free from interference from a large number of transition and non-transition metal ions and anions. The interference due to Al(III) and Te(IV), Ga(III) and Fe(III) was eliminated by masking each metal ion with 1.0 mg citrate, 1.0 mg fluoride and 1.0 mg oxalate, respectively. Vanadium(V) and Sn(IV) interfered in the extraction procedure of thallium(III). 
APPLICATIONS
Separation and determination of thallium(III) from binary mixture
The suitability of the developed method was examined by applying it to the separation and determination of thallium(III) in a variety of binary mixtures containing commonly associated elements (Table VI) . 35 -EDTA 35 -EDTA 35 -EDTA 35 -EDTA 35 -EDTA 34 -EDTA 35 -EDTA 34 -EDTA 34 Selenium sol 38 Potassium iodide 38 Tellurium sol 38 Thiocyanate 38 a Average of five determinations; b stripped from organic phase with 3×10 ml 0.5 M nitric acid; c masked by 1 mg fluoride; d masked by 1 mg citrate; e Separation at pH 2.0, f separation at pH 6.0; g masked by 1 mg oxalate
Separation of thallium(III) from Zn(II), Pb(II), Cd(II), Hg(II), Se(IV), Sb(III)
It was found that Zn(II), Pb(II), Cd(II), Hg(II), Se(IV) and Sb(III) remained unextracted under the acidic conditions employed for the extraction of thallium(III) from a 0.0075 M sodium succinate solution by 0.025 M 2-OAP in chloroform. The pregnant organic phase was stripped with acetate buffer (3×15 ml) and thallium(III) was determined by the recommended procedure. The raffinate containing added metal ions was estimated by the standard procedure. 35, 38 
Separation of thallium(III) from Ga(III), Al(III), Te(IV) and Fe(III)
The proposed method was extended for the separation of thallium(III) from Ga(III) by masking with 1 mg fluoride, from Al(III) and Te(IV) by masking with 1 mg citrate and from iron(III) by masking with 1 mg oxalate. The masked metal ions remained in the aqueous phase while thallium(III) was selectively extracted from a 0.0075 M sodium succinate solution into the organic phase with 0.025 M 2-OAP in chloroform at pH 3.0. Thallium was stripped from the organic phase with acetate buffer and estimated as per the recommended procedure. The aqueous phases containing the added metal ions was demasked with 2 ml concentrated hydrochloric acid and, after reducing the volume of the aqueous phase, estimated by standard procedures. 34, 38 
Separation of thallium(III) from Bi(III)
The separation of thallium(III) from Bi(III) was based on the use of different stripping agents. Bismuth(III) was co-extracted with 0.025 M 2-OAP in chloroform from a 0.0075 M sodium succinate media at pH 3.0. It was found that there was a quantitative recovery of bismuth(III) with 0.5 M nitric acid while thallium(III) remained quantitatively in the organic phase. The thallium(III) was stripped from organic phase by contacting the organic phase with 3×15 ml acetate buffer (pH 4.63). The stripped phases containing thallium(III) and Bi(III) were evaporated to moist dryness and the residues were dissolved in distilled water with heating. Thallium(III) and Bi(III) were estimated by the standard procedure. 34 
Separation of thallium(III) from In(III) and Tl(I)
The separation of thallium(III) from In(III) was based on the use of different pH values. Thallium(III) was extracted quantitatively with 2-OAP (0.025 M) in chloroform at pH 2.0 from 0.0075 M sodium succinate media. It was found that there was zero extraction of In(III) at pH 2.0. Hence, thallium(III) can be extracted quantitatively with In(III) remaining quantitatively in the aqueous phase. Thallium(III) was then estimated after its re-extraction in the aqueous phase, while In(III) was estimated by a complexometric method. 34 
Separation of Tl(I) from Tl(III)
It was found that 10 ml 0.025 M 2-OAP in chloroform transferred about 15 % of Tl(I) into the organic phase from an aqueous 0.0075 M sodium succinate of pH 3.0. However, there was no extraction of Tl(I) at pH 6.0. Hence the extraction of thallium(III) was performed at pH 6.0, at which pH value only thallium(III) is extracted into organic phase, whereas Tl(I) remains in the aqueous phase. The extracted thallium(III) was stripped from the organic phase with acetate buffer and estimated by the recommended method, while Tl(I) from the aqueous phase was estimated by the EDTA method 34 after converting of Tl(I) to Tl(III) with a dilute solution of bromine water.
Analysis of synthetic mixtures
The proposed method was applied to the extraction and determination of thallium(III) from 0.0075 M sodium succinate from various synthetic mixtures. The results are given in Table VII.   TABLE VII 
Analysis of alloys
Since standard alloy samples containing thallium(III) were not available at this working place, a non-ferrous alloy (brass) and a type metal alloy (the Bureau of Analyzed Samples Ltd., UK) to which a known amount of thallium(III) was added. Thallium(III) was recorded from the succinate media by the proposed method (Table VIII) . The procedure is given below.
A known weight (0.100 g) of alloy was dissolved in a mixture of 10 ml concentrated nitric acid and 50 ml of distilled water. After the initial reaction was over, the solution was heated with 5 ml portion of 1:1 nitric acid, boiled to dissolve the soluble matter and filtered to remove the silica or metastannic acid. The filtrate was diluted to 100 ml with distilled water. An aliquot of 1.0 ml of filtrate was taken; to this solution 1.0 ml of 1.0 mg ml −1 thallium(III) was added and the general procedure for the extraction and determination of thallium(III) was followed. 
CONCLUSIONS
The method described herein brings forth the potential of 2-OAP for the separation and recovery of thallium(III). The quantitative extraction of the metal ion can be achieved at pH 3.0 from 0.0075 M sodium succinate using 0.025 M 2-OAP. The extraction proceeds via ion pair formation. The partition of thallium(III) in the organic phase is selective in the presence of a number of commonly associated elements. The selectivity of the method can be increased by the use of suitable masking agents and different pH values. The extractant possess a reasonable loading capacity. A very low reagent concentration (0.025 M) is required for the quantitative recovery of thallium(III). The time required for the extraction separation is very short (30 s). It is very simple, selective, reproducible and rapid and can be applied for the analysis of thallium(III) from synthetic mixtures and alloy samples.
Изведено је једноставно испитивање екстракције из раствора талијума(III). Селективна и квантитативна екстракција талијума(III) изведена је помоћу 2-октиламинопиридина (2-OAP) у хлороформу из воденог раствора натријум-сукцината (0,0075 M) при pH 3,0. Талијум(III) је повратно екстрахован помоћу ацетатног пуфера (pH 4,63). Испитивани су ефекат концeн-трације сукцината и 2-OAP, улога разних разблаживача, стрипинг агенаса, ефикасност 2-OAP, равнотежно време и однос запремина водене и органске фазе на екстракцију талијума(III). Стехиометрија екстрахованих врста, одређена на основу методе анализе нагиба, износила је 1:2:1 (метал:киселина:екстрактант). Такође је испитивана и температурна зависност константе равноже екстракције да би се процениле термодинамичке функције ∆H, ∆G и ∆S за процес екстракције. Тачност методе не зависи од присуства разних катјона и анјона. Метода је кори-шћена за селектривну екстракцију талијума(III) из бинарних смеша са Zn(II), Cd(II), Hg(II), Bi(III), Pb(II), Se(IV), Te(IV), Sb(III), Ga(III), In(III), Al(III), Tl(I) и Fe(III). Предложена метода је примењена на синтетичке смеше и легуре. Метода је једноставна, селективна, брза и чиста. 
